An experimental method is proposed for detecting the effects of positive natural selection on DNA polymorphisms. Since beneficial mutations are expected to increase in frequency faster than neutral mutations, variants which have reached high frequencies in a relatively short period could be linked to some beneficial mutation. D. melanogaster has a cosmopolitan polymorphic inversion -In(2L)t -whose age in some local populations has been estimated. Setting the age of In{2L)t as the upper limit for the age of variants, we searched for variants whose frequencies were possibly influenced by positive natural selection. We detected a single candidate whose frequency and distribution met the requirements imposed by our method.
Introduction
There is still a vast gap between current knowledge of molecular evolution and phenotypic adaptation. The study of beneficial mutations has been a key to understanding the relationship between molecular evolution and phenotypic adaptation. There are many examples of beneficial mutations: insecticide resistence (Weiner & Crow, 1951) , allosteric proteins (Perutz, 1983) , immunosystems (Hughes & Nei, 1988) , Gprotein-coupled receptors (Yokoyama, Isenberg & Wright, 1989) , and industrial melanism (Kettlewell, 1965) . Of these examples, only the last provides really clear evidence for rapid increase in gene frequency under natural circumstances. Obtaining other examples will further our understanding of the molecular basis of phenotypic adaptation. In this paper, we describe an experimental method to detect variants showing specific features in their distribution that indicate rapid increase in frequency. Although variants that display such features are not always due to beneficial mutations, the ratio of beneficial variants to neutral or deleterious variants will be much higher than the ratio in randomly collected samples. Our method allows us, on some empirically acceptable assumptions, to detect effects of potentially beneficial mutations. Because we observe genetic variation directly at the DNA level, we can find the effect of beneficial mutations irrespective of their phenotypes, i.e. all types of positive natural selection are objects of the method. We describe the procedure and the first candidate whose distribution has possibly been influenced by a beneficial mutation.
Strategy (1) Assumptions
We make two assumptions with respect to the history of the natural population of D. melanogaster analysed in the present study (Raleigh, NC): (1) The effective population size is large (of the order of 10 5 or more), (2) The age of In(2L)t (number of generations after its invasion) is small (on the order of 10 3 ). We suppose that these two assumptions are acceptable based on our previous investigations of the Raleigh and other natural populations. Detailed evaluation of the assumptions will be given in section 5.
(ii) Basic criteria It has been shown theoretically that it takes a long time for neutral mutations to reach high frequencies in a large population (Kimura, 1983 a) . Beneficial mutations should increase in frequency over a timespan much shorter than that for neutral mutations. Therefore, we establish the following two criteria: (1) high frequency of a variant in a population, and (2) evidence that the high frequency was attained rapidly.
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When a variant in a large population is found to meet the two criteria, it can be taken as a candidate for a positively selected variant.
(iii) Application to In(2L)t It is easy to check results of a restriction survey against the first criterion because the survey brings us the frequency of each variant. In order to meet the second criterion, we utilized In{2L)t, whose age in some local populations is known. The estimated age of the inversion is about 4100 generations in the Raleigh population , and about 1000 generations in the Okinawa (Ishigakijima), Japan, population (Mukai, Tachida & Ichinose, 1980) . Because an inversion will suppress single recombination in its inner and neighbouring regions when it is heterozygous with an inversion-free chromosome, alleles at loci in such regions should remain tightly linked to the inversion for a long period. We conducted a survey of genetic variation in the region surrounding the Adh gene. The Adh gene (35A4-B1, Chia et al. 1985) is located very close to the proximal breakpoint ofIn(2L)t (22D3-E1; 34A8-9, Lindsley & Grell, 1968) , and their recombination distance is practically zero.
Suppose that a variant is found to be common in 7«(2L)/-carrying chromosomes and to be non-existent in In(2L)t-free chromosomes. The variant must have arisen on an 7n(2L)?-carrying chromosome. Therefore, the age of the variant cannot be longer than the age of In(2L)t in the same population. Since the estimated age of In{2L)t in the Raleigh population (on the order of 10 3 ) is not long enough for a neutral mutation to reach a high frequency in a large population (see section 5 for quantitative consideration), it is likely that the increase in frequency was caused by positive natural selection.
(iv) Possibility of founder effect
Even if a variant meets the two criteria stated above, another explanation is possible: the variant may have arisen when the frequency of In{2L)t was still low. That is, the frequency of the variant in In(2L)tcarrying chromosomes may have been high ever since it arose. Information about the extent of variation in neighbouring populations would aid in determining the contribution of founder effect in producing the present-day distribution. If the variant occurred when the frequency of In{2L)t was low, i.e. if the age of the variant is as great as the age of In(2L)t, and there is constant migration of In(2L)t within the whole population, the variant would have migrated to neighbouring populations. Therefore, the absence of the variant in neighbouring populations suggests that the age of the variant is less than the age of In(2L)t. An inversion that becomes polymorphic tends to increase rather rapidly in frequency and to reach a plateau (cf. Nei, Kojima & Schaffer, 1977; Yamaguchi 146 et al. 1980) . The greater the difference between the ages of In{2T)t and the variant, the smaller the possible influence of the founder effect on their relative frequencies.
(v) Practical criteria
Following the arguments stated above, we used three practical criteria to identify a variant whose frequency could be influenced by a beneficial mutation: (1) the variant is observed at a high frequency in In(2L)tcarrying chromosomes, (2) the variant cannot be found in In(2L)t-free chromosomes, and (3) the variant is observed only in a local population (a geographically restricted subset of the entire species).
Materials and methods

(i) Populations
Adult flies totalling 300-500 were collected from the following locations: Raleigh, NC, in 1984 and Austin, TX, in 1985; Okinawa, Japan, in 1984; and Osaka, Japan, in 1984 . Thus, we prepared five sets of samples from four local populations.
(ii) Extraction of chromosomes From isofemale lines, single second chromosomes were extracted using the marker chromosomes In(2LR)SMl and In(2LR)bw vl . The mating scheme for the extraction is shown in Fig. 1 . These second chromosomes were maintained as chromosome lines balanced with the Cy (In{2LR)SMl) chromosome so as to maintain the less viable or lethal chromosomes. Salivary gland chromosomes of each line were examined for chromosomal rearrangements (cf. (Kreitman, 1983) . The isolated fragments were partitioned into four overlapping parts and subcloned into pUC13. These subclones were used as probe in the Southern hybridizations and cover the region shown in Fig. 2 Southern, 1975; Maniatis, Fritsch & Sambrook, 1982; Feinberg & Vogelstein, 1983) . Restriction patterns obtained for each chromosome line were analysed for insertion or deletion of DNA fragments and for gain or loss of restriction sites.
(v) Cloning, sequencing and in situ hybridization
The following procedures were applied to a candidate obtained by the restriction mapping: cloning and subcloning into the bacteriphage ACharon 35 and the plasmid pUC13 (Maniatis, el al. 1982) , dideoxy DNA sequencing using 32 P (Sanger, Nicklen & Coulson, 1977; Hattori & Sakaki, 1986) , and in situ hybridization to salivary gland chromosomes with biotinylated probe DNA (Pardue & Gall, 1975; Rigby, Dieckmann & Rhodes, 1977) .
Results
(iv) Southern hybridization
Genomic DNA was extracted from whole bodies of adult flies with a method outlined by Bingham, Levis & Rubin (1981) . The DNA was digested completely (Nei & Tajima, 1981) in the Adh region was estimated for the four groups separately (Table 5 ). Only the restriction site variation was used in the calculation for the estimates. In both populations, estimates for In are lower than estimates for St. The BamH I site at -7-2 kb apparently contributes to most (1984 Raleigh) or all (Okinawa) of the nucleotide diversity in In. The high polymorphism at this site is a phenomenon common to the two populations (and also to the 1987 Raleigh, Austin and Osaka populations, data not shown). We infer that the BamH I site or its alternative which had not been linked to In(2L)t was originally introduced into /«(2L)/-carrying chromosomes by recombination soon Line -7-2 -5-3 -5-3 -5-3 -4-3 -4 1 -3-4 -3-4 -3 4 -3-4 -1-9 -0-7 01 1-9 B a b n E P c g k l X b H / l r f A X 2-2 2-2 d e
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2-2 h 2-2 2-2 2-2 Haploj m type We classified the variation into three categories: site variation, the Adh isoalleles and length variation. We estimated the nucleon diversity (Nei & Tajima, 1981) in the Adh region, using different subsets of variation so that it can be compared with the estimates reported by other authors (Table 6 ). Again, the estimates for In are lower than those for St in all the subsets and in both populations. The estimates for 5; agree with previous estimates for the same region (Langley, Montgomery & Quattlebaum, 1982; Birley, 1984; Cross & Birley, 1986; Aquadro et al. 1986; Kreitman & Aguade, 1986; Aguade, 1988) .
(ii) Haplotype 15 as a candidate
Haplotype 15 meets two of the three criteria described in the Strategy section: (1) its frequency in In is high (6/33, or 18%) in the 1984 Raleigh population, and (2) it does not appear in St in the same population. To determine whether it also meets the last criterion, we examined its existence in other samples (1987 Raleigh, Austin and Osaka). Two enzymes (Hind III and Sal I) were applied to these samples. For chromosome lines showing restriction patterns identical to haplotype 15, the other six enzymes were also used. eliminate the possibilities that our findings result from biased sampling or that haplotype 15 has multiple origins.
(iii) Allelism of recessive lethal genes
Of the six chromosomes containing haplotype 15, two (R339 and R341) carry recessive lethals. Crosses were made between Cy/R339 and Cy/R341 • Their offspring were scored with respect to the phenotype of the Cy locus. About one third of the adult flies had wild-type wings in both of the reciprocal crosses (the Cy chromosome carries a recessive lethal allele). Therefore, the recessive lethals of R339 and R341 are nonallelic. Dysgenic crosses in the sense of P-M system are not included in the extraction procedure (see Fig. 1 ) because the isofemale lines from the Raleigh population had been shown to have the P cytotype (K. Harada, S. Kusakabe and T. Mukai, unpublished data). The two lethal mutations must have occurred independently during the period in which the chromosomes of haplotype 15 were diverging. This is an evidence against the possibility that we may have collected closely related chromosomes by chance.
(iv) Distribution o/copia elements
The distribution of copia elements among the six chromosomes was examined by in situ hybridization. The probe was the plasmid clone cDm2055 (Saigo, Millstein & Thomas, 1981) . Table 8 presents the location of the bands that showed positive hybridization signals. None of the pairs of the six chromosomes show similar patterns in the distribution of the copia elements. This is further evidence against the possibility of biased sampling.
(v) Origin of the haplotype
Haplotype 15 as characterized has some site variation, the Adh isoallele and insertion ' i ' . Of these three kinds of variation, the insertion element has the highest possibility for the cause for multiple origin of the haplotype, because some transposable elements are known to have insertional site specificity. Insertion ' i ' Line -7 -2 -5 -3 -5 -3 -5 -3 -4 -3 -4 1 -3 4 -3 -4 -3 -4 -3 -4 -1 -9 -0 -7 0 1 1-9 * Indicates haplotypes that are not observed in other groups.
is located at position 2-2 kb (1-7 kb downstream from the proximal end of the Adh coding region). This is a member of the transposable element family called BN (Harada et al. 1988 ). The BN element shows no marked target sequence specificity (Harada et al. 1988) . Taking this into account, we examined whether insertion ' i' is located at an identical position among the 'i'-carrying chromosomes. As mentioned above, two of the six chromosomes carry recessive lethals.
Because lethal chromosomes cannot be made homo- Table 6 . Nucleon diversity in the Adh region zygous, gene libraries were constructed using individuals heterozygous with the Cy chromosomes. Only one of the two lethal chromosomes (R341) was analysed in this study. From each of the five genomic libraries, a DNA fragment including insertion ' i' was cloned. Fig. 6 shows the detailed restriction maps of these clones and that of the probe DNA (originating from the 'i'-free strain C160). The restriction maps are identical among the five ' i '-carrying chromosomes. We examined the base sequences of the regions indicated by the arrows in Fig. 6 . The results are shown in Fig. 7 . Comparing the base sequences of C160 with that of R375, we determined the exact insertion point and a 12 bp-long duplicated sequence which originated from the host chromosome. The insertion points are also identical among the five 'i'-carrying chromosomes, supporting a single origin for the insertion carried by the different second chromosomes.
Discussion
Our method for detecting effects of positive natural selection relies upon two assumptions; (1) the effective population size is large, and (2) the age of In{2L)t is small. We first describe evidence that these assumptions are acceptable, and then show a statistical test using these estimates. Finally, we consider alternative hypotheses.
(i) Effective population size
As our null hypothesis, haplotype 15 is assumed to be neutral. The effective size for neutral genes of the Raleigh population can be estimated as follows: electromorph mutation rate (excluding null mutations) was estimated to be 7-57 x 1CT 7 per locus per generation after accumulating 5285615 allele-generations (Mukai et al. 1990) . Assuming that the detection rate in electrophoresis is roughly f (Shaw, 1965) and that the proportion of selectively neutral mutations among electromorph mutations, excluding null mutations, is 014 (Kimura, 19836) , the neutral mutation rate is calculated to be 3-18 x 10 ' per locus per generation. The average number of base pairs in exons of the genes studied is approximately 1000 (cf. Mukai & Cockerham, 1977) , resulting in a neutral mutation rate per base pair of 3-18 x 10" 10 per generation. In the present experiment, nucleotide diversity (n of Nei & Tajima, 1981) was estimated to be 0-0035 (the Raleigh population), which should be equal to 4N e fi for selectively neutral mutations where N e is the effective population size of the population and fi is the neutral mutation rate per base pair. From this relationship, N e can be estimated to be 2-75 x 10 6 . The effective population size for genes linked to In(2L)t may be roughly estimated by multiplying the above iV e by the frequency of In{2L)t. The estimated frequency oiIn{2L)t is0068±0005 (n = 2367), which was obtained by pooling the data of 1968, 1969, 1970, 1974 and 1984 Raleigh population (Mukai, Watanabe & Yamaguchi, 1974; Mettler, Voelker & Mukai, 1977; T. Mukai and S. Kusakabe, unpublished) . Thus, the effective size in question is estimated to be 1-87 xlO 5 .
(ii) Age of In(2V}t estimated the age of In(2L)t in the Raleigh population to be 4100 generations, using the decay of linkage disequilibrium (cf. Nei & Li, 1980) between In(2L)t and the Gpdh genes. In addition, Mukai et al. (1980) estimated the age of In{2L)t in the Okinawa population to be 1000 generations in exactly the same way. For the Okinawa population, we have more information on genetic variation, which supports the reliability of the estimate : if we accumulate mutations affecting sternopleural and abdominal bristle numbers under natural selection pressure, it takes 1000-2000 generations until the population reaches equilibrium (Durrant & Mather, 1954; Clayton & Robertson, 1955; Mukai et al. 1980) . In the case of viability, it takes 100-200 generations before reaching genetic equilibrium (Mukai et al. 1972) . Mukai et al. (1980) estimated genetic variance for sternopleural and abdominal bristle numbers and for viability, with the samples from the Okinawa population. The former was significantly smaller in /«(2L)r-carrying chromosomes than in standard chromosomes, while there was no significant difference in the latter. Thus, a value of 1000 for the age ofIn(2L)t appears to reflect the actual situation. The same conclusion may be applied to the Raleigh population since the same recombination value (r = 000022) was employed for the estimation of the age of In(2L)t. It is possible that In{2L)t passed through a bottleneck after it invaded the Raleigh population, but there is no evidence for past fluctuations in population size of /n(2L)/-carrying chromosomes. Even if In(2L)t experienced such a situation, the estimated age reflects the time after the last expansion in population size because it was estimated by the decay of linkage disequilibrium.
(iii) Statistical test
The null hypothesis is that haplotype 15 was selectively neutral and its high frequency was attained only by random genetic drift. Formula 8-37 in Kimura (1983 a) is suitable for this test, giving the probability density function of the age of a neutral allele at a fixed present frequency. The age is defined as the number of generations for which the allele has persisted in a population after it arose by mutation (Kimura, 1983 a) . Let x, t and N e be the present frequency of the allele, the age of the allele and the effective population size, respectively. The formula is: Kimura (1983 a) for definition]. The formula measures time in units of4N e generations. Because the formula is a probability density function, we can obtain the probability (P) that the age of an allele is smaller than a given number of generations (< x ) by integrating the formula from 0 to t 1 /(4N e ) as follows:
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In the actual case, the present frequency of haplotype 15 in In was 0-18 (in 1984) . Substituting these numbers and integrating the formula, we calculated the probability (P) that the age of haplotype 15 with its present frequenty (.x) is less than the number of generations (; t ) at the effective population size (N e ) on the assumption that haplotype 15 is selectively neutral. The results are tabulated in The present frequency (x) is fixed at x = 018. Table 9 . As expected, the probability decreases for smaller t t and for larger N e . When the estimated values are employed (t 1 = 4100 and 7v" e = 10 5 ), P is very small as shown in Table 9 . Thus, given that our estimates are correct and that the present high frequency is not caused by the founder effect, the probability that haplotype 15 is selectively neutral is very small.
(iv) Alternative hypotheses
Our results suggest that haplotype 15 was under the influence of some beneficial mutation. Alternative explanations against this particular candidate are considered below. The first is, of course, the case where our assumptions (see section 2) are not correct. We have given our estimates of N e and t 1 just before the statistical test. It is known that the expected amount of DNA polymorphism tends to be close to that of the overall population where migration occurs (Slatkin, 1987; Strobeck, 1987; Tajima, 1990 ). Therefore, our estimate of N e may be an overestimate. The calculation for t 1 is based on our previous estimates of the recombination rate (r) and the linkage disequilibrium (£>) between In{2L)t and the Gpdh genes . Therefore, there should be a large error for the estimate t v The above conclusion derived from the statistical test totally depends on the assumptions (see section 2).
The second alternative hypothesis is that the high frequency of haplotype 15 results from bias in our sampling, namely, we may have sampled closely related flies such as sister flies by chance. This hypothesis could be rejected by the following three findings: (1) the distribution of copia elements on the six second chromosomes of haplotype 15 are not very similar, (2) two of the six chromosomes carry recessive lethal mutations of independent origin, and (3) haplotype 15 was detected at similar frequencies in both 1984 and 1987. The third is that haplotype 15 has multiple origins. In spite of the fact that the BN element shows little or no target sequence specificity (Harada et al. 1988) , the insertion point of insertion ' i' is identical among the five chromosomes examined out of the six. Therefore, this hypothesis is difficult to support.
Another possibility is the founder effect. The third criterion (absence in neighbouring populations where migration occurs from the population in question) was necessary to reduce the possibility of the founder effect. Haplotype 15 has a high frequency in the Raleigh population, and is not observed in other populations examined (Austin, Okinawa and Osaka). In addition to our data, no insertions identical to insertion' i' were detected in 7«(2L)?-carrying chromosomes from the Rhode Island population (cf. Aquadro et al. 1986 ). If we could show clear evidence for constant migration among these populations, the possibility of the founder effect would be ruled out. Unfortunately there is little detailed quantitative data about migration. Therefore, the possibility of the founder effect cannot be excluded. However, there is indirect evidence about the extent of migration. First, the upstream BamH I site at position -7-2 kb is highly polymorphic in all populations examined for both St and In (also in Rhode Island, cf. Aquadro et al. 1986 ). Second, Kreitman & Aguade (1986) obtained no evidence of genetic differentiation between populations in Raleigh, NC and Putah Creek, CA, with high resolution restriction mapping of the Adh region. Third, it has been suggeted that P elements have attained worldwide distribution within 50 years in this species (cf. Kidwell, 1983 ).
We obtained a genetic variant that possibly carries a beneficial mutation. Further analysis of certain parameters, particularly the population size and the migration rate, are needed to support the view that positive natural selection has acted directly on this variant. At the same time, additional studies of genetic variation using the method described here will identify other candidates that may represent beneficial mutations.
